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The yeast PHO5 promoter is a model system for the role of chromatin in eukaryotic gene regulation. Four
positioned nucleosomes in the repressed state give way to an extended DNase I hypersensitive site upon
induction. Recently this hypersensitive site was shown to be devoid of histone DNA contacts. This raises the
mechanistic question of how histones are removed from the promoter. A displacement in trans or movement in
cis, the latter according to the well established nucleosome sliding mechanism, are the major alternatives. In
this study, we embedded the PHO5 promoter into the context of a small plasmid which severely restricts the
space for nucleosome sliding along the DNA in cis. Such a construct would either preclude the chromatin
transition upon induction altogether, were it to occur in cis, or gross changes in chromatin around the plasmid
would be the consequence. We observed neither. Instead, promoter opening on the plasmid was indistinguish-
able from opening at the native chromosomal locus. This makes a sliding mechanism for the chromatin
transition at the PHO5 promoter highly unlikely and points to histone eviction in trans.

All DNA-related processes like replication, transcription,
recombination, and repair are mediated by protein factors and
machines which use DNA as their substrate. It is therefore
crucial that these proteins have access to the DNA for direct
binding interaction, often in a sequence-specific manner. Re-
striction of this access is one mechanism by which cellular
functions involving DNA are regulated. One way to achieve
this goal is the packaging of the eukaryotic genome into a
complex DNA-protein structure called chromatin, and modu-
lation of the structure of chromatin is recognized as a key step
in the cascade of DNA-related processes.

The basic unit of chromatin is the nucleosome, which is
made up of a core of eight histone proteins with about 1.7 turns
of DNA wound around this octamer. The nucleosomes form a
beads-on-a-string structure along the DNA and are further
organized into a so-far ill-defined hierarchy of higher order
structures involving several nonhistone chromatin proteins.
The influence of higher order structure on DNA-related pro-
cesses is not well understood so far. At the level of the nucleo-
some, however, the tight interaction of the DNA with the
surface of the histone octamer imposes a significant barrier for
the access of proteins to their binding sites.

Our laboratory has been interested in the influence of chro-
matin structure on gene regulation for a long time. We employ
the PHO genes in yeast as a model system which shows striking
chromatin transitions upon the activation of several of the
genes related to phosphate metabolism. In particular, under
repressive conditions (with Pi [�Pi]) the promoter region of
the PHO5 gene is organized into four clearly positioned
nucleosomes with a short hypersensitive site of about 60-bp
length between nucleosomes �2 and �3 (34) (Fig. 1A). Upon
PHO5 activation by phosphate starvation (without Pi [�Pi]),

these four nucleosomes become remodeled, leading to an ex-
tended hypersensitive site of about 600-bp length (4).

It has been a long standing question what hypersensitive
sites look like in molecular terms. Recently, our lab and others
could show that the nucleosomes of the PHO5 promoter region
not only become altered in their structure such that the DNA
becomes accessible but that the nucleosomes are completely
disassembled (7, 28, 29). In the induced state, histones are no
longer in contact with this DNA region. This immediately
raised the question: where do the histones go?

There are two major possibilities for how histones can be
displaced from the promoter. Histones might leave the PHO5
promoter region either in cis or in trans with regard to the
underlying DNA. Especially displacement in cis would corre-
spond to the well documented sliding mechanism of chromatin
remodeling. All chromatin remodeling complexes have been
shown in vitro to catalyze the sliding of nucleosomes along
DNA and especially for the so-called ISWI class there is also in
vivo evidence (15, 20–22). Such remodeling reactions leave the
histone octamer intact and change only its location relative to
the DNA sequence. It is conceivable that the PHO5 promoter
adopts the accessibility of naked DNA upon induction because
the four nucleosomes slide up- and/or downstream into neigh-
boring DNA regions.

In this study, we have tested the succinct predictions derived
from such a sliding mechanism. To this end, we integrated the
PHO5 promoter region into a small plasmid environment. The
small size and circular nature of this environment severely
restricts the possibility of accommodating additional nucleo-
somes in cis on the same DNA molecule and generating a
histone-free PHO5 promoter region at the same time. There-
fore a sliding mechanism would either preclude histone loss at
the promoter altogether or would lead to gross changes in the
chromatin structure around the plasmid.

We show that chromatin opening of the plasmid-borne copy
of the PHO5 promoter is indistinguishable from what we ob-
serve at the native chromosomal locus. Upon induction, the
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same extended hypersensitive site is generated, and the his-
tones again lose contact with the DNA. As the chromatin
structure of the remainder of the plasmid remains unchanged,
we conclude that the loss of histones from the PHO5 promoter
does not occur by nucleosome sliding in cis but that histones
are evicted in trans upon induction.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains YS18 (MAT� his3-11 his3-15 leu2-3
leu2-112 canR ura3�5) and YS31 (YS18 pho80::HIS3) were disrupted in the
TRP1 gene by linear transformation with the trp1::URA3 disruption plasmid and
YS188 (YS18 pho5::URA3; the disruption comprises the region between the
BamHI site in the promoter and the second KpnI site in the coding region of the
PHO5 gene) was disrupted with the trp1::LEU2 disruption plasmid, yielding
strains YS1801, YS3101, and YS18018, respectively. pTAP5C- or pTAP5C�TATA-
containing strains were grown under selection conditions (without Trp) either in
high-phosphate medium (0.67% [wt/vol] yeast nitrogen base without amino acids
[Difco], supplemented with 2% [wt/vol] glucose and the necessary amino acids,
uracil and adenine) or in no-phosphate medium to induce PHO5 as described by
Almer et al. (4).

Plasmid construction. DNA manipulation and cloning followed standard pro-
cedures (30). The plasmid pTAP5C was constructed from three PCR products.
Template for all three PCRs was plasmid pCA/wt (12), which is a derivative from
pCB/wt (14) with the PHO5 region extended beyond the BamHI up to the ApaI
site. The primer pairs used were the following: P5-5Xho, CCGCTCGAGAAG
AAAACAAGAGAC, and P5�1Sph, GACTTGCATGCATAGTCGCCAGGG
AAAG, giving the PHO5 promoter fragment; MLCEN6Ecofor, CGGAATTCG
ACTATATTTCTTTTCATCAC, and MLCEN6Ecorev, CGGAATTCTTTCAA
CCTATTTTACATC, giving the CEN6 element; and TrpArsIIISph, GACTTG
CATGCTATTATCTTCTACGC, and TrpArsIXho, CCGCTCGAGCGTATGC
GCCTGTGAAC, giving the TRP1ARS1 circle fragment. In the latter case,
pCA/wt was digested with EcoRI and religated, and the ligation reaction was
used directly as template for the PCR. The PHO5 promoter fragment and the
TRP1ARS1 circle fragment were ligated via XhoI and inserted via SphI into a
pUC19 vector in which the EcoRI site was removed by EcoRI digestion, Klenow
fill in, and blunt ligation. The third PCR product with the CEN6 element was
ligated into this first pUC19 derivative in a second round of ligation via the
unique EcoRI site of the TRP1ARS1 circle fragment. The identity of this second
pUC19 derivative was confirmed by DNA sequencing, and the orientation of the
CEN6 element was found to yield the DraI site closer to the SphI site (data not
shown). pTAP5C corresponds to the 2.5-kb SphI fragment of the second pUC19
derivative and was cut out, ligated, and transformed into trp yeast strains with
selection for the TRP1 marker. For the construction of pTAP5C�TATA, the
SphI-XhoI insert of the pUC19 derivative was swapped for the SphI-XhoI insert
generated by PCR using pCA�26 (12, 14) as a template and the primers P5-
5Xho and P5�1Sph. The TATA box deletion was confirmed by DNA sequencing
(data not shown).

The TRP1 disruption plasmid was generated from two PCR products using
genomic yeast DNA as template and the following two primer pairs: TRP1
N-term ClaI for, CCATCGATCTTTCCTGCTTTGAATTAG, and TRP1 N-
term HindIII rev, GTCAAAGCTTCATACTCCAAGCTGCCTTTG; and TRP1
C-term HindIII for, GTCAAAGCTTGCTAAGAAATAGGTTATTAC, and
TRP1 C-term BamHI rev, CGGGATCCGTTTGTATTCATACTATGTG. The
two PCR products were ligated via the HindIII site and inserted via the ClaI and
the BamHI sites into pBR322. Either a URA3 or LEU2 marker cassette with
HindIII linkers was ligated into the HindIII site of this pBR322 derivative. The
ARS1 element was removed from this plasmid by digestion with BglII and NheI,
Klenow fill in, and blunt religation in order to prevent episomal propagation of
the transformed disruption plasmid in yeast. In the case of the URA3 marker, a
ClaI/BamHI fragment (using a dam mutant Escherichia coli strain) of the ARS-
free pBR322 derivative, and in the case of the LEU2 marker, a MluI/BamHI
fragment was used for linear transformation.

Chromatin analysis. Nuclei preparation and chromatin analysis by restriction
enzymes or DNase I as well as indirect end labeling, gel electrophoresis, and
blotting procedures were as described previously (4, 16).

Chromatin immunoprecipitation. Yeast cultures of a density of 1 � 107 to 2
� 107 cells/ml were treated with 1% formaldehyde for 20 min at room temper-
ature. Cross-linking was quenched by adding glycine to a final concentration of
125 mM, and then cells were sedimented and washed twice in ice-cold 0.9%
NaCl. They were resuspended in HEG150 buffer (150 mM NaCl, 50 mM
HEPES, pH 7.6, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride) and treated with a French press
three times at a pressure of 1,100 lb/in2. In this step cells were broken, and
simultaneously the chromatin was sheared to an average fragment size of 450 bp.
Immunoprecipitation was performed as described by Strahl-Bolsinger et al. (32).
Antibodies against the C termini of histones H2B, H3, and H4 were gifts from A.
Verreault. Immunoprecipitated DNA was quantitatively measured in duplicates
by the ABI PRISM 7000 sequence detection system using the following am-
plicons: PHO5 UASp2-A, 5�-GAATAGGCAATCTCTAAATGAATCGA-3�;

FIG. 1. (A) Schematic of the chromatin organization at the PHO5
promoter in the repressed (�Pi) and induced state (�Pi). The posi-
tioned nucleosomes (circles) are numbered from �5 to �1 with re-
spect to the open reading frame (broad black arrow). The open circles
denote the nucleosomes which become remodeled upon induction.
Upon induction, the short hypersensitive site (HS; asterisk) becomes
extended (HS; dashed line) and the two Pho4 binding sites (black dots)
bind Pho4 (striped arches). Remodeling of nucleosomes �1 and �4 is
often less complete, as symbolized by stippled circles in the induced
state. The position of the TATA box (T) is shown, and the buckled
arrow (RNA Pol) symbolizes transcription of the PHO5 gene. The
positions of relevant restriction sites are indicated by arrows as well as
the relative position of the upstream ApaI-Sau3AI fragment which
constitutes probe 1b. (B) Map of plasmid pTAP5C (2,481 bp). The
genetic elements (CEN6, TRP1, ARS1, and the PHO5 promoter) are
marked by boxes or arrows on the plasmid. The positions of nucleo-
somes along the plasmid are shown as circles. Nucleosomes are labeled
with arabic numbers for the PHO5 promoter region (�5 to �1, as in
panel A), with roman numerals for the remainder of the UNF region
(36), and alphanumerically for the TRP1 region (T1-T4) and the CEN6
element (C6). The nucleosomes shaded in gray become remodeled
upon induction of the PHO5 promoter. Asterisks mark hypersensitive
sites. Restriction sites used as markers are shown and the probes used
for indirect end labeling (Trp up, Trp down, 63, and 162) are indicated
by curved arrows above the plasmid circle. The sites used for secondary
cleavage for indirect end labeling are in bold.
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PHO5 UASp2-B, 5�-GAAAACAGGGACCAGAATCATAAATT-3�; PHO5
UASp2-probe, 5�-FAM-ACCTTGGCACTCACACGTGGGACTAGC-3�; TEL-A,
5�-TCCGAACGCTATTCCAGAAAGT-3�; TEL-B, 5�-CCATAATGCCTCCTAT
ATTTAGCCTTT-3�; TEL-probe, 5�-FAM-TCCAGCCGCTTGTTAACTCTCCG
ACA-3�; TRP1-A, 5�-TGTTTTGGCTCTGGTCAATGATT-3�; TRP1-B, 5�-TGG
TATTCTTGCCACGACTCATC-3�; and TRP1-probe, 5�-FAM-CGGCATTGAT
ATCGTCCAACTGCATG-3�.

Topological analysis. Total DNA was prepared from logarithmically growing
cultures by proteinase K-sodium dodecyl sulfate treatment and phenol extraction
and resolved on 1.3% agarose gels with 33 �M chloroquine (Sigma) in both gel
and electrophoresis buffer. The gels were run at 1.2 V/cm for 26 h, blotted, and
probed specifically for the plasmid pTAP5C�TATA with either probe Trp down
or Trp up. The supercoil bands were quantified using a phosphorimager (Fuji
FLA3000, AIDA software) and the distribution of intensities was fitted with a
Gaussian model using the software CurveExpert 1.3 (Daniel Hyams). The trace
profiles shown in Fig. 4B were generated from the phosphorimager screen with
the AIDA software.

RESULTS

Experimental design and plasmid construction. In order to
study chromatin opening at the PHO5 promoter in an environ-
ment where movement of nucleosomes in cis would be highly
restricted, we inserted a promoter fragment of the PHO5
gene, comprising the region from nucleosome �5 to nucleo-
some �1, into the classical TRP1ARS1 plasmid (Fig. 1B). The
TRP1ARS1 circle is one of the smallest stably propagated
yeast plasmids known, and its chromatin structure is well char-
acterized (36). The coding region of the TRP1 marker gene is
organized into four loosely positioned nucleosomes; the ARS1
element and the region of the EcoRI site, where the circle is
closed, are located in hypersensitive sites, and the region be-
tween the ARS1 element and the EcoRI site, called UNF
(unknown function; now known to be part of the upstream
region of GAL3), is packaged into three stably positioned
nucleosomes numbered I to III starting at the ARS1 element.
Our insertion of the PHO5 promoter fragment replaces nu-
cleosome II, and the direction of transcription from the PHO5
promoter is away from the ARS1 element towards the TRP1
gene in order not to interfere with ARS function. Additionally,
we inserted a minimal CEN6 element (11) into the EcoRI site,
thereby keeping the copy number low. A high-copy-number
plasmid might titrate out the activator Pho4, which is strictly
necessary for PHO5 induction and the chromatin transition
(13, 39), and thus might lead to mixed plasmid populations in
the cell with variable extents of chromatin remodeling upon
induction. The resulting plasmid was called pTAP5C (for
TRP1, ARS1, PHO5, and CEN6) and comprises 2,481 bp.

In summary, we set out to construct a plasmid context for the
PHO5 promoter where a chromatin transition by a sliding
mechanism would either be impossible or lead to gross changes
of the chromatin structure in the remainder of the plasmid.
This can easily be tested by analysis of the chromatin structure
around the plasmid before and after PHO5 induction as we
show in the following results.

The PHO5 promoter fragment is an autonomous nucleo-
some positioning module for nucleosomes �4 to �1. A pre-
requisite for this project was to establish whether the PHO5
promoter fragment in the new TRP1ARS1 plasmid context
would be organized into the same nucleosomal structure under
repressive conditions (�Pi) as the PHO5 promoter at the na-
tive chromosomal locus. Figure 2A shows that this is the case.
We analyzed chromatin at both loci by limited DNase I diges-

tion and by indirect end labeling in the strain YS1801 carrying
the pTAP5C plasmid. This strain contains the PHO5 promoter
in two locations: at the native position on chromosome II and
on the pTAP5C plasmid in the form of the PHO5 promoter
fragment. By using appropriate restriction enzymes for second-
ary cleavage and probing the same DNA blot with probes for
either the plasmid or the chromosomal locus, we show directly
that the positions of nucleosomes �4 to �1 are virtually su-
perimposable.

The only difference was the region of nucleosome �5, which
appears to be cramped in between nucleosome �4 and a hy-
persensitive site that is newly generated next to the strongly
positioned UNF nucleosome I from the TRP1ARS1 circle.
The chromosomal locus shows the hypersensitive site HS1 (3)
instead of nucleosome I and therefore may provide different
positioning information for nucleosome �5 compared to the
plasmid. The chromatin interpretation of this plasmid region is
tentative at the moment but is of no significance for the further
argument of this study.

Further downstream (i.e., higher up in the lane in Fig. 2A)
the chromatin structures of the plasmid and the chromosomal
locus are necessarily different due to the differences in DNA
sequence. The plasmid shows hypersensitive sites flanking the
CEN6 element here and the chromosomal locus shows the
typical hypersensitive site (HS3) between the PHO5 and PHO3
genes (3).

It appears that the PHO5 promoter fragment which we se-
lected for these experiments contains sufficient nucleosome
positioning information to position the nucleosomes �4 to �1
into the native structure even in a foreign sequence context
and on a topologically constrained plasmid.

Chromatin opening of the PHO5 promoter region is identi-
cal at the plasmid and the chromosomal locus. After confirm-
ing that both the plasmid and the chromosome locus started off
with the same relevant chromatin structure under repressing
conditions, we wished to determine if there would be any
differences upon inducing conditions (�Pi). Quite strikingly,
the response of the PHO5 promoter region on the plasmid and
on the chromosome was indistinguishable (Fig. 2A). We in-
duced cells overnight after shifting them into phosphate-free
medium and analyzed chromatin at both loci with DNase I
digestion and indirect end labeling and by probing and reprob-
ing the same DNA blot. The PHO5 promoter became hyper-
sensitive to DNase I over an extended region in the same way
both on the plasmid and on the chromosome. This showed
unambiguously that the PHO5 promoter fragment contained
the relevant information not only for proper nucleosome po-
sitioning but also for the complete chromatin transition upon
PHO5 induction.

In addition to DNase I digestion, we also probed the chro-
matin structure by restriction enzyme digestion (Fig. 2B) (4).
We show the typical up and down in accessibility for the en-
zymes BamHI, ClaI, and BstEII along the PHO5 promoter
which represent linker, nucleosomal, and again linker regions,
respectively, in the repressed state (Fig. 1A). For monitoring
the chromatin transition upon induction we routinely use the
accessibility of the ClaI site in the �2 nucleosome of the PHO5
promoter where low and high accessibilities correspond to the
repressed and the induced state, respectively. By the choice of
probe and secondary cleavage, we again distinguished the plas-
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mid from the chromosomal locus and again observed no sig-
nificant difference between the two. At both loci the ClaI
accessibility of the induced state was about 50%, which is
somewhat lower than the usual 90% (4). We have, however,
noticed in the past that depending on the strain background
there are differences to what extent the ClaI site will become
accessible upon PHO5 induction. Especially the YS series of
yeast strains does not always reach full accessibility (J. Svaren

and W. Hörz, unpublished data). In any case, for the purpose
of the present study it is only important to confirm that there
is no difference between plasmid and chromosomal location
regarding nucleosome positioning and chromatin opening at
the PHO5 promoter.

Histones are lost from the PHO5 promoter region on the
plasmid upon chromatin opening. The chromatin opening of
the PHO5 promoter on the plasmid appeared indistinguishable

FIG. 2. There is no difference between the plasmid and the chromosome locus regarding the chromatin structure of the PHO5 promoter
nucleosomes �4 to �1 both under repressed (�Pi) and induced (�Pi) conditions. (A) Nuclei of strain YS1801 carrying pTAP5C were subjected
to limited DNase I digestion (wedges on top of the upper panel blot denote increasing DNase I concentration, dashes denote no DNase I addition)
and secondary cleavage with HindIII and ApaI for indirect end labeling. The same blot membrane was probed with probe Trp down and reprobed
with probe 1b for analysis of the plasmid and the chromosome locus, respectively (see also Fig. 1). The relevant genetic regions as well as
schematics of the chromatin structure (labeled and stippled circles, asterisks, and dashed lines for the extended hypersensitive site HS, as in Fig.
1) are indicated at the sides of the blots. The asterisks labeled HS1 and HS3 refer to the hypersensitive sites upstream of the PHO5 promoter and
between the PHO5 and the PHO3 gene (3), respectively. (B) Restriction enzyme analysis of nuclei from repressed (�Pi) and induced cells (�Pi)
as in panel A with the indicated enzymes at 0.3 and 1.2 U/�l (left and right lane, respectively, for each enzyme) and secondary cleavage with HindIII
and ApaI. Probes as in panel A.
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from the opening on the chromosome as assayed by nuclease
accessibility. It was vital, however, to confirm not only that the
nucleosomes over the PHO5 promoter changed their nuclease
protection properties for the DNA but also that their constit-
uent histones were indeed displaced from the DNA of this
region. In analogy to prior experiments (28), we performed
chromatin immunoprecipitation analyses of the PHO5 pro-
moter region of the plasmid. An amplicon in the coding region
of the TRP1 gene region served as an internal control on the
plasmid. In order to specifically probe only for the plasmid, we
transformed the pTAP5C plasmid into strain YS18018, which
contains a deletion of the chromosomal PHO5 locus in addi-
tion to the deletion of the TRP1 locus which is the prerequisite
for the stable propagation of the plasmid. Therefore both the
amplicon UASp2 of the PHO5 promoter as well as the ampli-
con TRP1 have no counterpart on the chromosome in this
strain. As control for the overall amount of DNA after the
immunoprecipitation step, we normalized to a telomeric re-
gion. The presence of histones was probed with three different
antibodies directed against the C termini of histones H2B, H3,
and H4. All three of them showed a specific decrease in his-
tone abundance at the PHO5 promoter under inducing condi-
tions (Fig. 3). The histone abundance at the TRP1 locus varied
somewhat upon induction as well (Fig. 3A), but histone abun-
dance at the PHO5 promoter dropped much more than at the
TRP1 locus (see Fig. 3B for values relative to the TRP1 gene).

Topological analysis confirms the loss of nucleosomes upon
induction. As we worked with a circular plasmid, we had the
opportunity to confirm the loss of nucleosomes upon induction
by a topological analysis. Boeger et al. (7) reported such an
analysis comparing the linking number of chromatin circles
which were excised in vivo from the PHO5 locus in wild-type
and pho80 cells representing the repressed and induced state,
respectively. In their construct the PHO5 promoter was trun-
cated at the BamHI site (Fig. 1A) and therefore encompassed
only three of the four nucleosomes which become remodeled
upon induction. In this system, they found a linking number
difference of 1.85 upon induction, which correlated well with a
loss of about 1.9 nucleosomes as measured by limit nuclease
digestion. It was concluded that on average two out of three
nucleosomes are lost from the PHO5 promoter upon induc-
tion. As an important technical detail, Boeger et al. found that
transcription from the induced PHO5 promoter led to topo-
logical changes by itself and therefore obscured the determi-
nation of the linking number difference solely due to the chro-
matin transition.

Therefore, we introduced a TATA box deletion into plasmid
pTAP5C, yielding pTAP5C�TATA. Our lab characterized this
deletion previously (14) and showed that transcription is abol-
ished whereas the chromatin transition upon induction is not
affected. We report here that the generation of the extended
hypersensitive site proceeds indistinguishably (see Fig. 6A) and
confirmed in addition, using the antibodies directed against the
C termini of histones H3 and H4, that histones are lost from
the promoter region in the same way as with plasmid pTAP5C
(data not shown). When we compared the linking number of
pTAP5C�TATA in wild-type and pho80 cells under high-phos-
phate conditions, we observed a linking number difference of
2.5 � 0.4 (Fig. 4). We expected a larger linking number dif-

ference than those in the study of Boeger et al., as our system
includes all four nucleosomes which become remodeled.

The chromatin structure of the plasmid environment re-
mains the same upon PHO5 induction. Now that the charac-
teristic opening of the PHO5 promoter on the small plasmid,
including the loss of histones, was established, the question of
where these histones went became more poignant. We sought
to distinguish between movement in cis or in trans by assaying
the effect of the chromatin transition at the PHO5 promoter on
the chromatin structure of the residual plasmid. We chose
appropriate secondary cleavage sites and probes to analyze
DNase I sensitivities around the whole plasmid (Fig. 5). Again,
this analysis needed to be specific for the plasmid and was
therefore done again in the pho5 deletion strain YS18018, as
we had to use probes within the PHO5 promoter to achieve
good resolution of the TRP1 region. Figure 5A to C shows
unambiguously that there is no difference in chromatin struc-
ture between repressing and inducing conditions in the non-
PHO5 part of the plasmid which could account for an accom-
modation of the nucleosomes from the PHO5 promoter.
Especially the hypersensitive sites flanking the CEN6 element
as well as the hypersensitive site of the ARS1 element remain

FIG. 3. Chromatin immunoprecipitation analysis of the PHO5 pro-
moter region on the plasmid shows reduced histone occupancy upon
induction. (A) Immunoprecipitated DNA from strain YS18018 carrying
pTAP5C using antibodies against the C terminus of H2B, H3, or H4
was quantified by real-time PCR with amplicons in the PHO5 pro-
moter (UASp2) and in the open reading frame (ORF) of the TRP1
gene (TRP1). The PCR signals were controlled for amplicon efficiency
with input DNA (T. Luckenbach, data not shown) and normalized
versus the signal of an amplicon at the telomere. These normalized
values represent the relative histone occupancy in the respective region
and were determined for repressed (�Pi) and induced (�Pi) conditions.
(B) Data as in panel A, but the values of amplicon UASp2 are divided
by the values of amplicon TRP1 for each antibody and condition.
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unchanged. This was important to show because such nucleo-
some-free regions might have served as acceptors for nucleo-
somes if displacement were to occur in cis. We have also con-
firmed that the copy number of the plasmid remains unchanged
upon induction (data not shown). A change in copy number could
have been indicative of some interference with ARS function
due to putative sliding nucleosomes pushing into this region.

In Fig. 5B and C, the �Pi patterns appear weaker and less
distinct than the �Pi patterns; the four positioned nucleo-
somes over the TRP1 gene become especially less discernible.
We found that this is due to the induced transcription from the
strong PHO5 promoter under �Pi conditions and did not ob-
serve this difference anymore when repeating the same kind of
analysis with the pTAP5C�TATA plasmid (Fig. 6B to D).

DISCUSSION

In this study, we address the fate of the histones that are lost
from the PHO5 promoter upon induction. In this process, four

positioned nucleosomes give way to an extended hypersensitive
site (4), which has recently been shown to lack histone-DNA
contacts (7, 28). This implies that the nucleosomes have not
just adopted an altered state with higher accessibility to nucle-
ases but that the nucleosomes became disassembled and that
the histones actually moved away from the PHO5 promoter
region. By transferring the PHO5 promoter to a small plasmid,
we are making an important step towards understanding the
mechanism by which they do so.

Changes of nucleosome structure have been shown both in
vitro and in vivo to be catalyzed by chromatin remodeling
complexes (6). Depending on the type of remodeler, different
mechanisms and different end products of remodeling reac-
tions have been reported, although there may be a common
underlying principle (21). With respect to the chromatin tran-
sition at the PHO5 promoter, we focus on possible remodeling
mechanisms that can lead to histone-free DNA as the final
outcome. This narrows down the variety of observed and dis-
cussed remodeling mechanisms to two alternatives: either the
transfer of histones away from the promoter region in trans
onto some kind of acceptor molecules or the movement of
nucleosomes in cis, i.e., the sliding of whole histone octamers
along the DNA into adjacent regions.

The sliding mechanism is well documented both in vitro and
in vivo for the ISWI and the SWI/SNF class of chromatin re-
modeling complexes (15, 20, 21, 41). In the case of the induced
PHO5 promoter, it is conceivable that the positioned nucleo-
somes would slide away into the neighboring up- and/or down-
stream regions. As we have shown in the past that nucleosomes
�5 and �1, bordering the region of the chromatin transition,
remain largely unchanged (4), the arrival of additional nucleo-
somes up- and/or downstream would have to be diluted over
extended stretches of chromatin along the chromosome. There-
fore, the result of sliding would not necessarily be detectable
within the actual acceptor regions but just lead to accessible,
histone-free DNA at the vacated promoter.

In this work we present data which make such a scenario
highly unlikely. We embedded a PHO5 promoter fragment into
a very small circular plasmid context. That way the space for
nucleosomes sliding away from the promoter region in cis is
very restricted, as is the possibility of the neighboring regions
to maintain an undisturbed chromatin structure while accom-
modating additional nucleosomes. We show here that both the
initial positioning of the promoter nucleosomes as well as their
remodeling upon induction occur in this plasmid context in the
same way as in the native chromosomal context. Importantly,
the generation of the extended hypersensitive site upon induc-
tion again leads to the loss of histone-DNA contacts, implying
that histones have moved to a new location. The plasmid con-
struct harbors several regions of DNase I hypersensitivity
which could have been thought to provide space for accom-
modation of nucleosomes in cis. Nonetheless, we find that the
chromatin structure of the remainder of the plasmid including
the hypersensitive sites is completely unaffected by the chro-
matin transition at the PHO5 promoter. Therefore the possi-
bility of nucleosome sliding in cis becomes highly unlikely as
the mechanism of chromatin opening at the PHO5 promoter.

By exclusion of this alternative, we are drawn to conclude
that the histones leave the PHO5 promoter in trans. Support
for such a mechanism comes from a number of in vitro remod-

FIG. 4. A change in superhelicity confirms the loss of nucleosomes
from the plasmid upon induction. (A) Genomic DNA from strain YS1801
(wt) and YS3101 (pho80) both carrying the plasmid pTAP5C�TATA
was analyzed in an agarose gel containing 33 �M chloroquine. Three
independent but parallel cultures were grown logarithmically in high-
phosphate media for each strain. The arrowheads mark each maximum
of the Gaussian distribution as averaged over the three lanes for each
strain (closed arrowhead, YS1801; open arrowhead, YS3101). The dif-
ference in linking number between the repressed and induced states
was 2.5 � 0.4. Lanes 1 and 8 contain linearized plasmid as a marker
and the position of the nicked circular and the linear form of the
plasmid is indicated on the right side of the gel. (B) Trace profiles of
lane 3 (top) and lane 5 (bottom) are shown and the respective maxima
of the Gaussian fit indicated by arrowheads. The position of the nicked
circular form was used as the origin for the trace profile.
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eling assays with the SWI/SNF or the RSC complex (23, 26, 27,
41). In these assays, histone movement in trans was observed
either as the eviction of histones during disassembly of mono-
nucleosomes leading to free DNA or the transfer of histone
octamers from unlabeled mononucleosomes or polynucleoso-
mal arrays onto labeled competitor DNA yielding labeled
mononucleosomes. This mode of remodeling has never been
observed so far for remodeling complexes of the ISWI family

(20, 38), and chromatin remodeling at the PHO5 promoter
points—as far as we are aware—to the first clear in vivo case of
histone eviction in trans. Importantly, the chromatin transition
at the PHO5 promoter is independent of replication and tran-
scription (14, 31). The eviction of histones here may therefore
represent a case different from the disassembly of nucleosomes
observed during replication or the replication-independent his-
tone exchange at actively transcribed loci (2). It remains to be

FIG. 5. The chromatin structure of regions adjacent to the PHO5 promoter on plasmid pTAP5C remain largely unchanged upon induction.
Nuclei of strain YS18018 carrying pTAP5C and grown under repressive (�Pi) or inducing (�Pi) conditions were analyzed by DNase I digestion
and indirect end labeling (wedges and dashes, as in Fig. 2A). HindIII was used for secondary cleavage in panel A and ClaI in panels B and C, and
probes were as indicated on the left of the blots (see also Fig. 1B). The relevant genetic regions as well as schematics of the chromatin structure
(labeled and stippled circles, asterisks, and dashed lines for the extended hypersensitive site HS, as in Fig. 1A and B) are indicated at the sides
of the blot. The blot of panel A was also probed with probe Trp down with the same result as in the “Plasmid” panel in Fig. 2A (P. Korber and
D. Blaschke, data not shown). The two middle lanes of all blots contain markers for different probes. Only one of the two lanes is relevant for a
particular probe and is labeled accordingly. The marker lane for probe Trp up (A) was underloaded and the position of the restriction fragments
as indicated by dashes was deduced from a longer exposure. Panels B and C show the same blot which was probed with two different probes. The
marker lane for probe 63 (B) was overloaded; therefore, a shorter exposure of this lane is shown in panel B and it was cut out in panel C. The
pound sign in panel B denotes an artifact band.
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seen whether this disassembly in all cases is catalyzed only by
remodeling machines, as seems to be true for the PHO5 pro-
moter, or whether the polymerases play an important role in
that process during replication, transcription, and repair (33).

We consider the state of the induced PHO5 promoter that is
generated by such a trans mode of remodeling action not as a
static state but as the steady state of a competition between dis-
and reassembly of nucleosomes and agree here with the con-
cept of Boeger et al. (7) of the equilibrium of removal and
reformation of nucleosomes. In this regard we want to com-
ment on the apparent discrepancy between four remodeled
nucleosomes and the quantitation of nucleosome loss by topo-

logical analysis as 2.5 out of 4 or 1.9 out of 3 (7), which we
observe to represent the same proportion of 63% in both cases.
It was shown early on (4) using nuclease digestion techniques
that all four nucleosomes �4 to �1 are affected in their ac-
cessibility upon induction, but the flanking nucleosomes �4
and �1 less completely so (50% versus ca. 100% restriction
enzyme accessibility). In keeping with this, Fig. 1A and 6A
show again that nucleosome �1 and also some upstream part
of the region of nucleosome �4 are still rather protected in the
DNase I digestion analysis, and Fig. 2B shows that even the
accessibility for ClaI, monitoring nucleosome �2, can be less
than maximal in some strain backgrounds. Therefore it comes

FIG. 6. The chromatin structures of regions adjacent to the PHO5 promoter on plasmid pTAP5C�TATA remain unchanged upon induction.
Chromatin analysis was done by using DNase I digestion with indirect end labeling for the plasmid pTAP5C�TATA in strain YS18018 under
repressive and inducing conditions. The labeling is analogous to Fig. 2A and 5. Compare panel A with the “Plasmid” panel in Fig. 2A and panels
B, C, and D with panel A, B, and C of Fig. 5, respectively. The marker bands in panel B are rather weak and are therefore indicated by dashes.
The marker for probe 63 in panel C was overloaded and a shorter exposure of this lane is shown in panel C, whereas the lane was cut out in panel D.
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as no surprise that the topological analysis detects a linking
number difference which is considerably smaller than the num-
ber of remodeled nucleosomes. This technique measures how
many nucleosomes are completely lost on time average but not
which ones at a given time point in a given cell. Over time and
sampled over a cell population, any of the four nucleosomes
�4 to �1 can be affected as shown by nuclease techniques, but
on time average only roughly two thirds will be completely
disassembled.

Shortly before submitting the manuscript for this study,
Boeger et al. (8) published data that are equivalent to the study
presented here, although using a different approach and a
different major line of argument. Similar to our data, they find
that promoter opening on a small and in vivo-excised PHO5
chromatin circle proceeds normally after shifting cells to phos-
phate-free medium. They also confirm the loss of histones by
chromatin immunoprecipitation analysis and also find a linking
number difference for the circle upon induction. Based on the
argument that a sliding process would not have changed the
overall topology, they come to the same conclusion as we did,
i.e., that histones must have left in trans. This data set is fully
compatible with our data, but our line of argument mainly rests
on the observation that the chromatin structure in the remain-
der of the plasmid remains unchanged upon induction (Fig. 5
and 6).

The trans displacement of histones that leads to the disas-
sembly of nucleosomes is catalyzed by only a subset of remod-
eler families, as opposed to the sliding reaction which can be
performed by all remodelers tested, including the SWI/SNF
complex (20, 41), and therefore seems to be a more difficult or
special task. The stoichiometry of SWI/SNF complex to chro-
matin substrate had to be about 10-fold higher for moving
nucleosomes in trans than for movement in cis and appeared
the less-favored mode of action (41). Similarly, histone eviction
in trans at the PHO5 promoter in vivo seems to be a slow
process compared to nucleosome sliding in cis. Even though
PHO5 is renowned as one of the most strongly induced genes
in yeast (37), its induction at the chromatin level has a half time
of about three hours (5) whereas nucleosome sliding has a half
time of 60 min at the POT1 promoter (15).

In light of the many binding interactions stabilizing the nu-
cleosome structure (24) it makes sense that the complete dis-
assembly of a nucleosome should be less favorable than its
mere relocation on the DNA which may proceed stepwise by a
looping mechanism (21). At this point we cannot exclude the
possibility that if the mechanism of the chromatin transition at
the PHO5 promoter includes an initial sliding step which may
help to start the process of histone eviction. The DNase I
pattern of a gcn5 pho80 strain, which corresponds to a re-
pressed state but exhibits randomized nucleosome positions,
may capture such an intermediate state (17). Boeger et al. (8)
have confirmed in their topological analysis our previous find-
ing that nucleosomes are fully retained under these conditions.

Alternatively or in addition, the disassembly of a nucleo-
some can be stimulated if, e.g., a specific DNA binding factor
competes with the histones for access to the DNA. Owen-
Hughes et al. (26) demonstrated the eviction of histones in a
SWI/SNF-catalyzed reaction from only that nucleosome in an
array which contained five Gal4 binding sites and only in the
presence of Gal4. Also the PHO5 promoter exhibits one in-

tranucleosomal binding site in nucleosome �2 for the trans-
activator Pho4 (Fig. 1A), but the competition between histones
and Pho4 for binding to the DNA cannot explain the remod-
eling of the remaining three nucleosomes.

Another way to favor the disassembly of nucleosomes con-
sists of providing suitable acceptors for the displaced histones,
like competitor DNA or histone chaperones. It has long been
known in uncatalyzed systems that the presence of competitor
DNA can lead to transfer of histone octamers in trans, al-
though with very low efficiency at physiological ionic strength.
This reaction can be again stimulated by, e.g., Gal4 binding to
nucleosomal sites and even further by the presence of histone
chaperones like nucleoplasmin or NAP1 (10, 40, 42). As a role
for competitor DNA seems unlikely for the in vivo situation
and as chromatin opening at the PHO5 promoter has to ac-
count for disassembled nucleosomes without internal factor
binding sites, we speculate that histone chaperones play a
major role, and studies addressing this hypothesis are currently
under way (P. Korber, T. Luckenbach, and W. Hörz, unpub-
lished data). Very recently, Adkins et al. (1) reported that the
histone chaperone Asf1 appears to be essential for opening of
the PHO5 promoter. In our own studies with asf1 strains we
obtained conflicting data (S. Barbaric, P. Korber, T. Lucken-
bach, and W. Hörz, unpublished data). However, we agree that
Asf1 plays a role in the chromatin transition and will discuss
this point in a future publication.

The possible importance of a collaboration between remod-
eling complexes and carriers of histones has recently received
attention in connection with the isolation of specific histone
chaperone complexes for different variants of histone H3 (35)
as well as the recognition of a specific histone exchange reac-
tion catalyzed by the newly isolated SWR1 complex (18, 19, 25)
and the exchange of H2A-H2B dimers during remodeling by
the SWI/SNF or RSC but not ISWI complexes (9). We note,
however, that the complete disassembly of nucleosomes goes
an important step further than histone exchange. Still, it could
be the same subset of chromatin remodeler families which is
able to break up the histone octamer and therefore lead to
exchange or eviction of histones.
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lation of transcription factor binding and histone displacement by nucleo-
some assembly protein 1 and nucleoplasmin requires disruption of the his-
tone octamer. Mol. Cell. Biol. 15:6178–6187.

41. Whitehouse, I., A. Flaus, B. R. Cairns, M. F. White, J. L. Workman, and T.
Owen-Hughes. 1999. Nucleosome mobilization catalysed by the yeast SWI/
SNF complex. Nature 400:784–787.

42. Workman, J. L., and R. E. Kingston. 1992. Nucleosome core displacement in
vitro via a metastable transcription factor nucleosome complex. Science 258:
1780–1784.

10974 KORBER ET AL. MOL. CELL. BIOL.


